Introduction
The role of hybridization in both evolutionary diversification (Seehausen 2004 ) and extinction (Rhymer and Simberloff 1996) has become an important area of study as humans increasingly alter ecosystems and bring species into secondary contact. Hybridization and the resulting introduction of one species genetic material into another, known as genetic introgression (Anderson 1949) , aids in the maintenance of genetic diversity and can introduce novelty into the gene pool (Lewontin and Birch 1966; Seehausen 2004) . However, the increased temporal rate and geographic scale of anthropogenic hybridization brought about by habitat fragmentation, climate change, and species introductions can reverse evolutionary processes that resulted in divergence over millions of years within a few generations (Rhymer and Simberloff 1996; Taylor et al. 2014) . The loss of species through this mechanism is often unpredictable and irreversible and may become one of the most difficult conservation problems to manage in modern times (Rhymer and Simberloff 1996) .
Habitat fragmentation can remove barriers between previously allopatric species, bring them into secondary Abstract Anthropogenic changes to the landscape and climate have resulted in secondary contact between previously allopatric species. This can result in genetic introgression and reverse speciation when closely related species are able to hybridize. The Golden-winged Warbler has declined or been extirpated across much of its range where it has come into secondary contact with the Bluewinged Warbler. Genetic screening previously showed that introgression had occurred range-wide with the exception of Manitoba, Canada. Our goal was to reassess the genetic status of the Golden-winged Warbler population in Manitoba and to examine the demographics and habitat use of phenotypic and genetic hybrids. From 2011 to 2014, we sampled and screened mtDNA from 205 Golden-winged Warblers and hybrids in southeast Manitoba. In 2012, we monitored all Golden-winged Warbler territories within those sites and measured territory-and landscape-level habitat variables. Of the birds screened, 195 had a phenotype that matched their mtDNA type, two were phenotypic hybrids, and eight showed a phenotypic-mtDNA mismatch (cryptic hybrids). We found no difference in the habitat used by Golden-winged Warblers compared with hybrids at either scale. The low proportion of hybrids found in Manitoba and the lack of a distinguishable difference in habitat use by Golden-winged Warblers and hybrids indicates that contact and provide an opportunity for interbreeding (Rieseberg et al. 2007 ). The Golden-winged Warbler (Vermivora chrystoptera, hereafter GWWA) and Blue-winged Warbler (V. cyanoptera, hereafter BWWA) hybridization complex is one of the best known examples. Geographic isolation resulted in separate evolutionary trajectories and speciation of GWWA and BWWA about three million years ago per mitochondrial DNA (Gill 1980; Dabrowski et al. 2005 ) although a recent study shows the nuclear genome differs by only a few genomic regions (Toews et al. 2016) . While both species prefer early-successional habitat in the breeding range, GWWA were historically found at more northerly latitudes and higher altitudes than BWWA and large patches of contiguous forest prevented contact. However, over the last 150 years in eastern North America, humans have cleared large expanses of forest for agriculture, which has resulted in allopatric populations of GWWA and BWWA becoming sympatric. In most cases, sympatry has resulted in hybridization and genetic introgression and follows a predictable pattern of localized GWWA extirpation within 50 years or less (Gill 1997 ; but see Confer et al. 2010) . Of additional concern, the rate of hybridization is increasing as the range of the BWWA continues to expand northward into areas previously dominated by GWWA (Gill 1980) . The range expansions seen in both species have been attributed to habitat fragmentation/alteration but climate change may also be a factor (COSEWIC 2006) . Because of both habitat loss and genetic introgression, GWWA are one of the most rapidly declining songbirds in North America with declines greater than 3% per year over the last decade (Sauer et al. 2014 ).
An exception to the typical hybridization and replacement pattern has been observed in a New York population located in Sterling Forest State Park, where GWWA and BWWA have coexisted with limited hybridization for over 100 years (Confer and Larkin 1998; Confer et al. 2010) . This successful coexistence appears to be related to differences in habitat selection, with BWWA exclusion from swamp forests used by GWWA (Confer et al. 2010 ). These results suggest that a stable hybrid zone is being maintained by exogenous selection (Kruuk et al. 1999) and that potential refugia for GWWA occur where BWWA do not breed. Patton et al. (2010) also found local-scale differences in habitat use by the two species and Thogmartin (2010) found that GWWA avoid areas occupied by BWWA at a landscape scale. Wood et al. (2016) found that GWWA prefer more highly structured patches embedded within large landscapes of contiguous forest with little fragmentation while BWWA prefer the opposite, and hybrids prefer an intermediate habitat. If habitat preferences can segregate hybrids or parentals by physically separating them or impacting mate selection, then this mechanism could potentially be used to predict the likely location for a hybrid zone to occur, expand, or remain stable. Indeed, the manipulation and/or preservation of habitat to benefit pure GWWA and exclude BWWA has been suggested as a conservation strategy for GWWA (Vallender et al. 2009; Roth et al. 2012) . However, the presence of hybrids (both phenotypic and cryptic) could alter habitat preferences and impact the effect of habitat management that favors one species over the other if hybrids do indeed prefer an intermediate habitat type.
Presently, the only GWWA populations that remain allopatric to BWWA and without active BWWA × GWWA hybridization are found in Manitoba, northern Ontario, and the highest altitudes of the Appalachian Mountains (Vallender et al. 2009 ). Extensive research and monitoring has occurred in the Appalachian region for the last 20 years ), but little is known about the status of introgression within Manitoba. Because it is at the northwestern range extent and BWWA have yet to expand their range here, Manitoba provides a unique opportunity to study the population before and during the initiation of genetic introgression. Our study aimed to document the present level of genetic introgression in the southeast Manitoba population of GWWA and the rate at which introgression is occurring, if at all. Additionally, we examined habitat use by hybrids (both phenotypic and cryptic) compared to parentals. In the absence of BWWA, we expected to see low levels of introgression maintained each year. We also did not expect to see significant differences in habitat use by hybrids compared to parentals simply due to the low expected number of hybrids and need to stay in habitats where they could successfully breed with GWWA. While Manitoba is currently outside the range of the BWWA, further range expansions are likely inevitable ). Conserving and managing habitat refugia or stable hybrid zones for GWWA may be the best chance for the continued survival of the species.
Methods

Field methods
We established eight study sites in Southeast Manitoba (49°46′N, 96°29′W) to represent a variety of habitat types used by GWWA within both fragmented and contiguous forests (Fig. 1) . The four fragmented sites occur in an area with active resource extraction, especially of gravel aggregate. The contiguous forest sites occur within Sandilands provincial forest. Early seral forests in Sandilands either occur naturally as a result of hydrology or are regenerating after being logged. All study sites were dominated by trembling aspen (Populus tremuloides), balsam poplar (P. 1 3 balsamifera), paper birch (Betula papyrifera), and/or bur oak (Quercus macrocarpus).
We captured >90% of breeding male and >50% of breeding female GWWA at each site from May 15-July 15, 2011-2014. We target mist-netted territorial males using conspecific playback. We captured females by locating the nest and mist-netted nearby as they returned to the nest. We banded all birds with a Canadian Wildlife Service silver band and three unique color-bands to distinguish individuals. We aged birds as second-year (SY) or after second year (ASY) based on plumage characteristic and feather wear (Pyle 1997) . A single rectrix feather (R1) was collected from each bird and stored at room temperature until DNA was extracted.
We monitored banded birds a minimum of every other day from May 15-July 15. To define territory boundaries, we took a minimum of 30 GPS points per singing male. We sampled territory-level vegetation characteristics previously found to be indicators of habitat suitability for both GWWA and BWWA (Confer et al. 2010; Patton et al. 2010 ) at 10 random points within each territory. Within a 5-m radius circle of each random point, we measured the percent of woody, shrub and herbaceous vegetation, the average canopy height (m), and the percent canopy cover. We also measured the distance to the nearest forested and nearest anthropogenic edge (m). To examine landscape-level variables, we used land cover classification data from GIS layers supplied by the Manitoba Land Initiative (MLI 2002) . These data include 18 distinct land cover classes that we simplified into anthropogenic and forested land-use types. We overlaid the territory polygons onto the land use layer and used analysis tools in ArcMap 10.2 (ESRI 2014) to create a 1000 m buffer around each territory. Within the buffers, we measured the percent anthropogenic (representing the percent non-forested), forest edge density (m/ha), and anthropogenic edge density (m/ha). 
Lab methods
We screened 205 feather samples (28 in 2011, 66 in 2012, 66 in 2013, and 45 in 2014) from eight study sites. We extracted DNA from feathers using a homemade DNA extraction kit (Ivanova et al. 2006) . GWWA and BWWA mitochondrial DNA (mtDNA) have a 4.2-4.9% nucleotide divergence at the NDII gene (Dabrowski et al. 2005 ) that can be used to determine the ancestral maternal lineage of an individual. Vallender et al. (2009) discovered a single nucleotide polymorphism (SNP) at position 277 and 279 relative to the Zebra Finch NDII gene (Stapley et al. 2008 ; GenBank reference #DQ422742) at which the GWWA variant (GCAT) differs from the BWWA variant (ACGT). The BWWA variant is cut by the restriction enzyme MaeII (HpyCHIV; New England Biolaboratories) while the GWWA variant remains intact. We screened mtDNA as described in Vallender et al. (2009) .
Analysis methods
All the hybrids we discovered were present in 2012; therefore, we compared habitat use of hybrids and pure GWWA within this year only. We used an information theoretic approach (Burnham and Anderson 2002) to determine support for four a priori candidate models that allowed us to evaluate whether habitat selection at different spatial scales was influenced by hybrid status. Our set of a priori candidate models included a landscape model that included landscape-level variables; a territory model that included territory-level variables; a global model including both landscape-and territory-level variables; and a null model with only an intercept.
All models were fit using generalized linear models (GLMs) in PROC GENMOD (SAS 2012) . The response variable, hybrid status, was fit using a binomial distribution with a logit link function. We evaluated the goodness of fit and model assumptions of each global model using the deviance/df as well as by visually examining the residuals (McCullagh and Nelder 1989) . We used Akaike's SecondOrder Information Criterion (AIC c ) to rank models from the most to the least supported (Burnham and Anderson 2002) .
Results
We captured and sampled 205 GWWA and hybrids from 2011 to 2014 in SE Manitoba. Of these 205 birds, 10 (4.9%) were hybrids (Table 1) . Two birds showed phenotypic signs of genetic introgression and fit the stereotypical phenotype of the BRWA (Parkes 1951) . Genetic screening revealed both of the BRWAs to have GWWA mtDNA. Of the remaining 203 phenotypic GWWA, eight had BWWA mtDNA and were cryptic hybrids (Table 1) . Though 90% of hybrids were male while 65% of our total sample was male, we did not find a significantly greater proportion of males in the hybrid sample compared the to the rest of the population (χ 2 = 2.818, p = 0.09). SY birds made up 80% of the hybrid sample but 55% of the total sample (χ 2 = 4.13, p = 0.04). Half (5/10) of the genetic and phenotypic hybrids returned to the same territories in subsequent years (Table 2) Hybrids co-occurred at sites with GWWA and did not overlap territories. Hybrids were found in five out of eight study sites. The standard errors overlapped for all of the habitat metrics at both spatial scales (Table 3 ). The null model received most of the support (Table 4) and we found no evidence that landscape-or territory-level variables were useful predictors of hybrid status. We found no differences in habitat selection between hybrid and pure GWWA at either scale, at least for the variables that were measured. At the patch scale, both hybrids and pure GWWA preferred predominantly deciduous forests and placed territories within 100 m of a forested edge. The average distance from the center of a territory to an anthropogenic edge was 805 m but ranged from less than 10 m to over 3 km. Both hybrids and GWWA had territories made up of nearly equal ratios of canopy, shrub, and herbaceous components. At a landscape scale, hybrid and pure GWWA territories contained an average of 23% habitat that was anthropogenically disturbed in some way, generally through agriculture or aggregate mining, up to a maximum of 44% disturbed habitat.
Discussion
Our study provides the first published genetic evidence that introgression has occurred in the Manitoba population of GWWA. Presently, the rate of introgression does not appear to be increasing. While we did not find significant evidence that hybrids were more likely to be male, we did find that hybrids were more likely to be SY when first captured than expected by chance. We think it likely that the BRWA and cryptic hybrids were born elsewhere and dispersed northwest to Manitoba for their first breeding season. Van Wilgenburg (unpub. data) completed stable isotope analyses of GWWA across the breeding range with results suggesting that hatch year birds disperse north of their natal grounds.
While not significant, that 90% of hybrids were male might be noteworthy because female passerines are generally the dispersing sex (Greenwood 1980) . Gill (1997) asserted that females are leading the BWWA range expansion and that introgression is initiated when they pair with pure GWWA males. Our results suggest the opposite to be true; in all but one case, introgressed males paired with pure GWWA females. Because mtDNA is inherited maternally, the offspring of these pairings will again be classified as pure GWWA if there are no phenotypic signs of introgression.
The return rate of hybrids was similar between the pure GWWA and hybrids in our population. Like others, we found no evidence to suggest that hybrids are at a survival disadvantage Neville et al. 2008) . The comparable survivorship of hybrids provides additional evidence that hybrids do not face post-zygotic selection (Reed et al. 2007; Vallender et al. 2012) . Taken together with the lack of pre-zygotic selection against hybrids , this implies there are no barriers to the complete admixture of GWWA and BWWA populations once they come into secondary contact.
While differences may exist between GWWA and BWWA habitat preferences, we found no evidence of differences in the habitat used by pure GWWA and hybrids. The breeding habitat characteristics are like those used by GWWA elsewhere in the range, including some anthropogenic disturbance, nearby forested edge, and habitat Global (territory + landscape) 10 57.84 0 structure composed of an herbaceous, shrub, and canopy component (Confer 1992; Aldinger and Wood 2014) . In Manitoba, early successional habitat within a deciduous forest-dominated landscape has become scarce enough that the management technique of BWWA exclusion from areas with GWWA would be detrimental if it results in the permanent loss of any additional habitat. The current rate of introgression in Manitoba remains low enough that the best strategy is to conserve the maximum amount of intact deciduous forest as possible and avoid further losses or fragmentation. It seems unlikely that there are any habitat characteristics that could be manipulated or managed at a large enough scale to exclude hybrids while benefitting pure GWWA. The Manitoba population of GWWA has the lowest levels of genetic introgression range-wide and is likely to serve as an important refugium for GWWA in the coming years. While afforded some habitat protection under the Species at Risk Act as a Schedule 1-threatened species (SARA 2007), viable breeding habitat continues to be destroyed with no mitigation and little oversight. If development and fragmentation continue at their current rate in Manitoba, the GWWA will decline regardless of the impact of BWWA. Conservation efforts should be put toward preserving and managing all possible habitat types for GWWA or further declines will be unavoidable.
Though hybridization is a common and natural process with an important evolutionary role, habitat fragmentation and climate change have broken down geographic and ecological barriers and caused a net loss of biodiversity (Chapin et al. 2000; Seehausen 2006 ). The resulting homogenization of the environment can reverse the evolutionary processes that initially led to speciation (Rhymer and Simberloff 1996; Seehausen 2006) . Some of the consequences of hybridization and genetic introgression include the erosion of genetic diversity, a loss of adaptation, and ultimately extinction (Rhymer and Simberloff 1996; Rosenzweig 2001; Myers and Knoll 2001) . Further, as hybridization rates increase and genetically distinct populations merge, not only is current genetic diversity lost but there may also be a loss of evolutionary potential (Myers and Knoll 2001; Rosenzweig 2001) . The combination of modern extinction rates and increased hybridization could have evolutionary consequences far into the future, beyond when these processes themselves have stopped. Stated simply, there will be less diversity, fewer genetically distinct populations, and fewer separate starting points from which evolution can proceed.
The loss of a species through hybridization and introgression is likely to become an increasingly common threat to biodiversity as human impacts to ecosystems increase. In the case of the GWWA, secondary contact, genetic introgression, and species replacement has already been initiated throughout most of its range, with Manitoba acting as the 'final frontier'. The documentation of this process from start to finish in a species such as the GWWA can serve as a blueprint for what could occur in other closely related species brought into secondary contact.
